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Multiwavelength Observations of GX 339–4 in 1996.
III. Keck Spectroscopy
I. A. Smith1, A. V. Filippenko2, and D. C. Leonard2
ABSTRACT
As part of our multiwavelength campaign of observations of GX 339–4 in 1996 we
present our Keck spectroscopy performed on May 12 UT. At this time, neither the
ASM on the Rossi X-Ray Timing Explorer nor BATSE on the Compton Gamma-Ray
Observatory detected the source. The optical emission was still dominated by the
accretion disk with V ≈ 17 mag. The dominant emission line is Hα, and for the
first time we are able to resolve a double peaked profile. The peak separation
∆v = 370 ± 40 km s−1. Double peaked Hα emission lines have been seen in the
quiescent optical counterparts of many black hole X-ray novae. However, we find that
the peak separation is significantly smaller in GX 339–4, implying that the optical
emission comes from a larger radius than in the novae. The Hα emission line may be
more akin to the one in Cygnus X-1, where it is very difficult to determine if the line is
intrinsically double peaked because absorption and emission lines from the companion
star dominate.
Subject headings: binaries: spectroscopic — stars individual (GX 339–4) — black hole
physics — X-rays: stars — accretion: accretion disks
1. Introduction
Most Galactic black hole candidates exhibit at least two distinct spectral states (see Liang &
Narayan 1997, Liang 1998, Poutanen 1998 for reviews). In the hard state (= soft X-ray low state)
the spectrum from ∼ keV to a few hundred keV is a hard power law (photon index 1.5± 0.5) with
an exponential cutoff. This can be interpreted as inverse Comptonization of soft photons. In the
soft state (often, but not always, accompanied by the soft X-ray high state), the spectrum above
∼ 10 keV is a steep power law (photon index > 2.2) with no detectable cutoff out to ∼ MeV. This
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multi-state behavior is seen in both persistent sources (e.g. Cygnus X-1) and transient black hole
X-ray novae (BHXRN, e.g. GRS 1009–45). GX 339–4 is unusual in that it is a persistent source,
being detected by X-ray telescopes most of the time, but it also has nova-like flaring states.
In 1996, we performed a series of multiwavelength observations of GX 339–4 when it was in a
very low state. This paper is one of a series that describe the results of this campaign. In Paper
I (Smith et al. 1999) we discuss the radio, X-ray, and gamma-ray daily light curves and spectra
obtained in 1996 July. In Paper II (Smith & Liang 1999) we discuss the X-ray timing analysis
from 1996 July. In Bo¨ttcher, Liang, & Smith (1998) we use the GX 339–4 spectral data to test
our detailed self-consistent accretion disk corona models. These papers expand significantly on
our preliminary analyses (Smith et al. 1997a, Smith et al. 1997b).
In this paper we focus on Keck spectroscopy performed on 1996 May 12 UT. Beginning with
the discovery observations in the 1970s (Penston et al. 1975, Doxsey et al. 1979, Grindlay 1979)
it was clear that the optical counterpart to GX 339–4 is highly variable (e.g. Motch, Ilovaisky, &
Chevalier 1982, Motch et al. 1983, Motch et al. 1985, Callanan et al. 1992). For example, one
month prior to our Keck observations, when the source was in a similar low state, it was found to
have 16 second optical quasi-periodic oscillations (Steiman-Cameron et al. 1997).
In previous spectroscopic observations, the optical emission has always been dominated by the
highly variable accretion disk, preventing a direct observation of the spectrum of the companion
star. This is also true of our Keck observations. For the first time we are able to resolve the
Hα emission line, showing it is double peaked. This is similar to the Hα emission lines from the
quiescent optical counterparts of many BHXRN. However, we show that the peak separation in
GX 339–4 is much smaller than in the BHXRN. Instead, the Hα emission line may be more akin
to the one in Cygnus X-1.
2. Observations and Reductions
Our Keck observations were performed on 1996 May 12 UT (MJD 50215). At this time,
the ASM on the Rossi X-Ray Timing Explorer did not detect the source, with count rates of
−0.636 ± 0.395 cps in the 1.3 – 3.0 keV band, 0.027 ± 0.331 cps in the 3.0 – 5.0 keV band,
and 0.420 ± 0.403 cps in the 5.0 – 12.1 keV band. Similarly, using the Earth occultation
method, BATSE on the Compton Gamma-Ray Observatory also did not detect it with flux
−0.0024 ± 0.0061 photons cm−2s−1 in the 20 – 100 keV band. The source was very faint or not
detected for weeks on either side of this time: see Figure 1 of Smith et al. (1997a) for the RXTE
light curve. This is as close to “quiescence” as the high-energy emission comes in GX 339–4.
Our observations of GX 339–4 were made during one of the same runs in which we studied
the BHXRN Nova Ophiuchi 1977 in quiescence and found its orbital period and mass function; see
Filippenko et al. (1997) and Harlaftis et al. (1997) for full instrumental and reduction details. The
Low-Resolution Imaging Spectrometer was used at the Cassegrain focus of the Keck I telescope.
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Two consecutive 400 second exposures were taken, starting at 11:34 and 11:41 UT. A 1′′ slit was
used, but the seeing was poor (2.2′′) and variable, probably due to the high airmass (2.8) and
possibly affected by thin clouds.
3. Results
3.1. Whole Spectrum
The original goal of our observations was to study the source in optical quiescence to determine
the nature of the companion star; it was hoped that the lack of detectable high-energy emission
would make this possible. However, we found that the optical emission was still dominated by
the accretion disk. Figure 1 shows the two consecutive 400 s spectra. The data are not fully
photometric but give V ≈ 17 mag. This is typical for the source in the low state, V ≈ 15.4 − 20.2:
here we include both the results reported for the traditional “soft X-ray low” state (V ≈ 15.4− 17)
and the sometimes discussed “off” state (V ≈ 17.7 − 20.2), since it is now generally believed that
the off state is a lower luminosity low hard state (Van der Klis 1995).
There is no artificial offset in the two curves in Figure 1. The ratio of the spectra is consistent
with being constant across the whole range, including the emission lines. Such a variability and
constant spectral shape agrees with previous observations. For example, in the high state in 1986
June/July it was found that there were large changes in V , but no accompanying variations in
the (B−V ) index (Corbet et al. 1987). However, since the slit was narrow relative to the seeing
conditions at the time of the observation, we can make no accurate statements regarding the true
variability of the source.
The Keck continua can be approximately fit by a linear relationship. Extrapolating this, we
find that the flux density goes to zero at ∼ 4000 A˚, easily consistent with the lack of observed
X-ray emission (5 keV corresponds to 2.45 A˚). However, given the relatively narrow wavelength
range of the Keck spectrum, and a misalignment between the slit position angle (60◦) and the
parallactic angle (175◦) which can distort the continuum shape at the edges of the spectrum
(Filippenko 1982), we cannot make conclusive statements about the spectrum at higher energies.
3.2. Hα Lines
The dominant emission line in our spectra is Hα. Its equivalent width (EW) of ∼ 6.5 A˚ is
similar to the lines seen in previous GX 339–4 observations (Grindlay 1979, Cowley, Crampton, &
Hutchings 1987). However, this is small compared to other BHXRN; for example, the Hα line in
Nova Oph 1977 had EW = 85 A˚ during the same observing run (Filippenko et al. 1997).
An expanded view of the Hα line in GX 339–4 is shown in Figure 2. For the first time we are
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able to resolve a double peaked line about the rest wavelength of 6562.80 A˚ in both spectra.
We used a linear fit to the continuum around the line to determine the rms noise. Adding a
single Gaussian line (with unconstrained centroid) does not give a good fit in either of our spectra.
For the upper spectrum, the reduced χ2
ν
= 1.57 for ν = 51 degrees of freedom. The probability that
a random set of data points would give a value of χ2
ν
as large or larger than this is Q = 5.6× 10−3.
The lower spectrum gives very similar results: χ2
ν
= 1.54, ν = 73, Q = 2.2× 10−3.
Using two unconstrained Gaussian lines greatly improves the fits. Figure 2 shows the best
fit results. The fit to the upper spectrum now has χ2
ν
= 1.23, ν = 48, Q = 0.13, while the lower
spectrum now has χ2
ν
= 0.95, ν = 70, Q = 0.59. It therefore appears that the Hα line in GX 339–4
is double peaked, as is the case for the quiescent optical counterparts of many BHXRN.
The best two Gaussian fits have different fit parameters for the two spectra. However, if we
multiply the fit to the upper spectrum by a constant 1/1.062 given by the ratio of the continua
shown in Figure 1, we find that this gives an adequate fit to the lower spectrum: χ2
ν
= 1.11,
Q = 0.25. Thus we are unable to claim there is significant variability in the Hα lines in these data.
Searching for this variability is the subject of an ongoing project, at which point it will also be
possible to use more realistic emission-line profiles (e.g. Orosz et al. 1994, and references therein).
The separation of the peaks is ∆λ = 8.0 ± 0.8 A˚, implying a ∆v = 370 ± 40 km s−1. If
we assume this peak emission comes from a circular Keplerian orbit, it would be at a distance
4× 1011(M/M⊙) cm, where M is the mass of the black hole. This would be in the outer regions
of the accretion disk. This distance can be contrasted with the suggestion by Motch et al. (1982)
that the 20 second optical QPO they detected came from a ring orbiting with a Keplerian period
of 20 seconds at a radius of 109 cm.
3.3. He I Lines
The only other emission lines in the spectra are from He I. For λ5875, the combined equivalent
width is 1.3 ± 0.3 A˚, although this is difficult to fit accurately because of the adjacent NaD
interstellar absorption lines. For λ6678, the combined equivalent width is 1.0± 0.1 A˚.
3.4. Li I Line
We do not see any evidence for an absorption line from Li I at λ6708 A˚. This result agrees
with previous observations of GX 339–4 (Sood, James, & Durouchoux 1997).
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4. Comparison with other Galactic Black Hole Candidates
A double peaked Hα emission line has been seen in several BHXRN in quiescence, showing
that there is optical emission from their accretion disks long after the X-ray nova event. Table 1
lists representative values for their peak separations. The remarkable feature that has already been
noted in previous studies is that the peak separations in these different sources are all surprisingly
similar.
The Hα peak separation in GX 339–4 clearly shows that this source is different from the usual
BHXRN. This may not be too surprising. Although GX 339–4 had no detectable high-energy
emission around the time of our Keck observation, the source did not exhibit a very long period
of “quiescence” in the same way as the other BHXRN. The narrower Hα peak separation in GX
339–4 implies that the optical emission comes from a larger Keplerian radius than in the BHXRN,
which may be a clue to its different behavior.
GX 339–4 is most often compared to Cygnus X-1. Unfortunately, for Cygnus X-1 the
absorption and emission lines from the companion star dominate, and only the wings of the Hα
emission line are detected (Canalizo et al. 1995, Sowers et al. 1998). It is therefore very difficult
to determine if the Hα emission line in Cygnus X-1 is double peaked. However, the width of the
base of the Hα emission line in Cygnus X-1 is quite similar to that in GX 339–4, suggesting that
the optical emission from their accretion disks may be similar.
It is also interesting to note that the peak separation was ∼ 350 − 550 km s−1 in the Hα
emission lines from GRO J1655–40 during outbursts (Soria et al. 1998). This is a superluminal jet
source, and may indicate a connection to the suggested radio jet in GX 339–4 (Fender et al. 1997).
We thank Philippe Durouchoux for suggesting we check for a Li I line. We also thank the
referee for carefully reading the manuscript and providing useful suggestions and clarifications.
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Fig. 1.— 1996 May 12 Keck observations of GX 339–4. The offset between the two spectra may be
due to intrinsic source variability and/or variable observing conditions. The absorption lines are
all interstellar. The ratio of the two spectra is fit by a constant = 1.062, with χ2
ν
= 0.97, Q = 0.78.
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Fig. 2.— 1996 May 12 Keck observations of the Hα emission in GX 339–4. The dashed line
shows the rest wavelength of 6562.80 A˚. The solid curves show the best double-Gaussian plus linear
continuum fits.
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Table 1. Typical peak separation ∆v (km s−1) of Hα lines in galactic black hole candidates.
Source ∆v References
GRO J0422+32 900 Orosz & Bailyn (1995), Filippenko, Matheson, & Ho (1995)
Nova Muscae 1991 900 Orosz et al. (1994)
Nova Oph 1977 900 Remillard et al. (1996), Filippenko et al. (1997)
GRS 1009–45 1000 Shahbaz et al. (1996)
A0620–00 1100 Orosz et al. (1994)
GS 2000+25 1400 Casares et al. (1995), Filippenko, Matheson, & Barth (1995)
GX 339–4 370 This paper
